Myxoma virus (MYXV) provides an important model for investigating host-pathogen interactions. Recent studies have also highlighted how mutations in transformed human cells can expand the host range of this rabbit virus. Although virus growth depends upon interactions between virus and host proteins, the nature of these interactions is poorly understood. To address this matter, we performed small interfering RNA (siRNA) screens for genes affecting MYXV growth in human MDA-MB-231 cells. By using siRNAs targeting the whole human genome (21,585 genes), a subset of human phosphatases and kinases (986 genes), and also a custom siRNA library targeting selected statistically significant genes ("hits") and nonsignificant genes ("nonhits") of the whole human genome screens (88 genes), we identified 711 siRNA pools that promoted MYXV growth and 333 that were inhibitory. Another 32 siRNA pools (mostly targeting the proteasome) were toxic. The overall overlap in the results was about 25% for the hits and 75% for the nonhits. These pro-and antiviral genes can be clustered into pathways and related groups, including well-established inflammatory and mitogen-activated protein kinase pathways, as well as clusters relating to ␤-catenin and the Wnt signaling cascade, the cell cycle, and cellular metabolism. The validity of a subset of these hits was independently confirmed. For example, treating cells with siRNAs that might stabilize cells in G 1 , or inhibit passage into S phase, stimulated MYXV growth, and these effects were reproduced by trapping cells at the G 1 /S boundary with an inhibitor of cyclindependent kinases 4/6. By using 2-deoxy-D-glucose and plasmids carrying the gene for phosphofructokinase, we also confirmed that infection is favored by aerobic glycolytic metabolism. These studies provide insights into how the growth state and structure of cells affect MYXV growth and how these factors might be manipulated to advantage in oncolytic virus therapy.
M
yxoma virus (MYXV) is the prototypic member of the Leporipoxvirus genus of chordopoxviruses and causes the disease myxomatosis in European (Oryctolagus spp.) rabbits. The virus was introduced into Australia in the 1940s in an attempt to control feral rabbit populations, and subsequent field and laboratory investigations have provided the foundations of our understanding of host-pathogen coevolution in the natural environment (1) (2) (3) . Myxomatosis has also provided an important model for investigating molecular mechanisms of viral pathogenesis, and its study has provided key insights into how large DNA viruses can manipulate the host to avoid immune surveillance. MYXV is now known to encode many proteins that interfere in processes broadly related to innate and adaptive immune defenses and which, when deleted or mutated, dramatically reduce virus virulence. Examples include proteins that bind to cytokines and chemokines, proteins that inhibit apoptotic and inflammatory signaling networks, and proteins that perturb antigen presentation. Other mechanisms have also been identified wherein MYXV uses gene products like M005/M-T5 (4) and M010/MGF (5) to create a more favorable cellular growth environment. Many of these virus proteins exhibit a narrow species specificity, and thus MYXV naturally infects only rabbits and hares. However, it can replicate in some human and mouse cells if key defenses, such as those regulated by Akt/protein kinase B (PKB) (4) or type I interferons (6) , are disrupted. This has led to the suggestion that MYXV may have value as a safe and selective oncolytic agent, since these systems are often impacted by cell transformation (7, 8) . A more detailed description of these genes and processes can be found in several reviews (9) (10) (11) .
Although these and other studies have provided important insights into the mechanisms of viral pathogenesis, well-characterized virulence factors comprise only a small fraction of the 159 unique gene products of MYXV (strain Lausanne) (12) . Most of these MYXV genes are widely conserved between different poxviruses, and this homology can be used to assign one or more biological roles to core processes, like entry, gene transcription, DNA replication, assembly, and exit. To accomplish this complex and coordinated developmental program, MYXV depends (like all viruses) upon cellular anabolic and catabolic processes to provide supplies of energy and biosynthetic precursors, as well as the macromolecular components (cytoskeleton, ribosomes, tRNAs, organelles, etc.) that are needed to productively complete an infectious cycle (13) .
While it is broadly understood that poxviruses, like MYXV, rely upon the cell to provide an environment conducive to growth, it seems likely that the 109 hits detected in a 2-hybrid screen of vaccinia virus versus human proteins (14) represent only a small fraction of the possible interactions in a poxvirus-infected cell that contains Ͼ20,000 genes. In fact, new evidence continues to emerge showing that poxviruses depend more upon the host for specific cellular resources than previously anticipated. For example, it was long thought that poxviruses were generally self-sufficient when it came to viral DNA replication. However, our studies have shown that vaccinia virus (and by extension, viruses like MYXV) specifically recruits cellular DNA topoisomerase II to sites of virus replication and assembly, through an interaction with the virus-encoded DNA ligase (15) . It has also been shown that poxviruses exhibit different degrees of dependence upon the cell for a supply of metabolites, like deoxynucleoside triphosphates (dNTPs). Leporipoxviruses encode only the smaller (R2) subunit of the heterodimeric (R1 2 ·R2 2 ) ribonucleotide reductase (16) . Thus, in order to produce a functional enzyme and a secure supply of dNTPs, the MYXV R2 protein must form hybrid molecules with the cellular R1 protein (17) . This situation reflects virus adaption to how the cell cycle determines the levels of dNTPs and cellular R2 protein, which are induced in G 1 and become most abundant in S phase (18) , and it also illustrates the role that cell growth state plays in determining host tropism.
Unfortunately, single-gene studies can provide only limited insights into the many possible cellular functions that affect the growth of viruses. As an alternative, one can use RNA interference (RNAi) screens to explore this problem on a much larger, and even genomic, scale. These methods were pioneered in Drosophila melanogaster cells, which have been used to study factors affecting Drosophila C (19) , influenza virus (20) , and dengue virus (21) replication. Subsequently, a number of whole-genome studies have been conducted to survey what mammalian cell functions modulate the growth of HIV (22, 23) , West Nile virus (24) , hepatitis C virus (25, 26) , influenza virus (27) , and vesicular stomatitis virus (28) . Poxviruses have been less studied by these methods, although a study in Drosophila cells supported an abortive early infection by vaccinia virus, and a kinome screen has identified several proteins supporting virus endocytosis (29) .
That said, the results obtained through use of small interfering RNA (siRNA) screens need to be interpreted with caution and are generally best interpreted as only a rough guide to cell and viral biology. This is illustrated by a meta-analysis of the human host genes that have been linked to the replication of HIV in three independent siRNA screens. Those studies noted that the pairwise degree of overlap of hits between the independent screens was Ͻ7% (22, 23, (30) (31) (32) . A similar low-level reproducibility of only 25% was also seen in Drosophila screens for JAK/STAT signaling pathways (33) (34) (35) . This situation reflects a high rate of false-positive hits and false-negative nonhits, with the former being more experimentally problematic. The occurrence of false-positive hits is mostly due to the siRNA reagents targeting mRNAs other than those they were designed to deplete (36) (37) (38) (39) (40) (41) , although the risk of these "off-target" effects can be reduced by retesting using siRNAs designed to target different sites in the same putative gene transcripts.
Bearing these concerns in in mind, but also recognizing the substantial gap in our understanding of poxvirus-host interactions, we decided to conduct a series of high-throughput RNAi screens by using siRNA libraries targeting both the whole human genome and also a subset of genes comprising the human kinome. These screens have identified Ͼ1,000 genes that appear to modulate the growth of MYXV in MDA-MB-231 cells, a human breast cancer cell line. Screening of a custom siRNA library targeting the hits and nonhits of the whole-genome screens showed that about 25% of the hits were very likely to be true positives. These genes modulate a variety of pathways, some of which have been previously identified as being important for poxvirus replication (e.g., the cytokine/chemokine-mediated inflammatory pathways and the mitogen-activated protein kinase [MAPK] pathways), whereas others (e.g., the cell cycle and glycolysis) are more novel discoveries. The validity of a subset of these hits was confirmed by independent methods. These methods included toxicity screens, which identified 32 siRNA pools (mostly targeting the proteasome) that are toxic in MDA-MB-231 cells. The results provide insights into both basic poxvirus biology as well as the host factors that affect MYXV growth in transformed human cells.
MATERIALS AND METHODS

Cells and viruses.
MDA-MB-231 cells were obtained from M. Hitt (University of Alberta) and maintained in Dulbecco's modified Eagle's medium-nutrient F-12 Ham medium (DMEM/F12; Sigma, St. Louis, MO) with 10% fetal bovine serum (FBS; Sigma) and 1% L-glutamine (Invitrogen, Carlsbad, CA). Buffalo green monkey kidney (BGMK) cells were cultured in modified Eagle's medium (MEM; Invitrogen) with 10% FBS. PANC-1 (human pancreatic epithelioid carcinoma), MCF-7 (human breast cancer), and U118-MG (human glioma) cell lines were maintained in DMEM (Invitrogen) with 10% FBS and 1% L-glutamine. U87 cells (human glioblastoma) were cultured in MEM containing 10% FBS, 1% MEM nonessential amino acids (Invitrogen), and 1% L-glutamine. T47D (human breast cancer) and CAPAN-2 (human pancreatic adenocarcinoma) cell lines were maintained in RPMI 1640 medium (Sigma) containing 10% FBS and 1% L-glutamine. All of the cells, with the exception of MDA-MB-231 cells, were obtained from the American Type Culture Collection, and all were tested and shown to be negative for mycoplasma. A recombinant MYXV (strain Lausanne), vMYX-LacZ, in which the lacZ gene is inserted into an intergenic locus and driven by a late poxvirus promoter (42) , was a gift from G. McFadden (University of Florida). The virus was cultured on BGMK cells and purified by sucrose gradient centrifugation.
Plaque assays. Infected cells were lysed in three rounds of freezethawing, serial dilutions were prepared, and the diluted viruses were used to infect BGMK cells. The viruses were cultured for 4 days, fixed with 2% paraformaldehyde (Sigma) in phosphate-buffered saline (PBS), stained with 5-bromo-4-chloro-3-indolyl-␤-D-galactopyranoside (X-Gal; Invitrogen) solution containing 0.5 M K 3 Fe(CN) 6 , 0.5 M K 4 Fe(CN) 6 , 1 M MgCl 2 , and 100 mg/ml of X-Gal and counted to determine the number of LacZ ϩ focus-forming units (FFU). siRNA libraries and chemical inhibitors. The Silencer phosphatase and kinase ("kinome") library was purchased from Ambion (Austin, TX). The library comprises three different siRNAs targeting each of 267 human phosphatases and 719 human kinases, and these were each resuspended in 96-well plates at a concentration of 5 M. We pooled the three siRNAs that target each gene prior to performing the screens (43) . The Silencer Select whole-genome siRNA library was also purchased from Ambion. The library comprises 21,585 pooled siRNAs, targeting all the known genes in the human genome, and was resuspended at a concentration of 2 M in 96-well plates. Each pool contained three different siRNAs directed against a given gene. The Dharmacon siGENOME Human SMARTpool custom siRNA library was purchased from Dharmacon/Thermo Scientific (Waltham, MA). This library contains 88 siRNAs that were selected from the hits and nonhits of our whole-genome siRNA screens. The library contains four siRNAs targeting a specific gene pooled and resuspended at a concentration of 2 M in 96-well plates. The separate and individual siRNAs that were used to validate the hits identified in these screens were purchased from Qiagen (Chatsworth, CA). Etoposide was purchased from the university hospital pharmacy, and 2-deoxy-D-glucose (2DG) and PD-0332991 were obtained from Sigma and Selleckchem (Houston, TX), respectively.
Plasmids and plasmid transfection assays. Plasmids carrying the genes for the human phosphofructokinase muscle isoform (PFKM) or rat 6-phosphofructose-2-kinase/fructose-2,6-bisphosphatase isoform 3 (PFKFB3) were a gift from J. Bolaños (Universidad de Salamanca, Spain). Plasmid carrying Myc-tagged PRIM2 was purchased from Origene (Rockville, MD). To perform transfections, MDA-MB-231 cells were seeded overnight in 24-well plates, at a density of ϳ200,000 cells per well, and then 0.5 g to 2 g of plasmid DNA was mixed with Lipofectamine 2000 transfection reagent (Invitrogen) at a 3:1 ratio and applied to the cells as directed by the manufacturer.
siRNA transfection and vMYX-LacZ infection of cells. A reverse transfection protocol was used to perform all of the siRNA screens, using final siRNA concentrations of 10 nM for the kinome screens, 5 nM for the whole-genome screens, and 20 nM for the Dharmacon custom library screens. Briefly, aliquots of the pooled siRNAs were added into 96-well plates and resuspended to a volume of 20 l/well in a solution containing 0.1 l/well of DharmaFECT 4 transfection reagent (Thermo Scientific, Rockford, IL) and Opti-MEM I medium. The mixture was incubated for 30 to 45 min at room temperature and then overlaid with 5,000 cells per well with freshly trypsinized MDA-MB-231 cells in DMEM/F12 medium supplemented with 10% FBS and 1% L-glutamine. The cells were incubated at 37°C in a 5% CO 2 atmosphere for 3 days, and then the medium was replaced with 20 l of PBS containing vMYX-LacZ. After incubation of the cells in the infectious inoculum for 1 h, 80 l of fresh medium was added. The virus was applied at a multiplicity of infection (MOI) of 0.1 for the kinome, Dharmacon custom library, and whole-genome primary screens or an MOI of 1 for the whole-genome validation screen. The cells were cultured for 48 h, lysed using a single freeze-thaw cycle in reporter lysis buffer (Promega, Madison, WI), and then assayed for ␤-galactosidase activity as described below.
Other siRNA transfection assays used a forward method of transfection in which 5,000, 200,000, or 500,000 cells were seeded per well in 96-, 24-, or 6-well plates overnight, respectively. The cells were treated for 3 h with a mix of siRNA and DharmaFECT 4 transfection reagent, appropriate medium was added, and the cells were cultured for another 2 to 3 days before applying MYXV as described above.
Enzyme and cell viability assays. ␤-Galactosidase assays were conducted using a commercial kit (Promega). The lysed cells were mixed with one volume of 2ϫ assay buffer (200 mM sodium phosphate buffer [pH 7.3], 2 mM MgCl 2 , 100 mM ␤-mercaptoethanol, and 1.33 mg/ml o-nitrophenyl-␤-D-galactopyranoside) and incubated for 1 h at 37°C, and the reaction was stopped with three volumes of 1 M Na 2 CO 3 (ACROS Organics, NJ). The absorbance was measured at 420 nm using a PerkinElmer EnVision plate reader. Additional spectrophotometric assays were used to measure lactate (with the method described in reference 44), ATP (with an ATP kit [Invitrogen]), and glyceraldehyde-3-phosphate dehydrogenase (GAPDH; with a KDalert GAPDH kit [Ambion]), again as per the manufacturers' instructions.
An alamarBlue dye assay was used to measure cell viability (45) . For example, to identify toxic siRNAs, MDA-MB-231 cells were reverse transfected as described above, cultured for 3 days, and then incubated with 50 M resazurin (Sigma) in phenol red-free DMEM/F12 medium for 2 to 3 h at 37°C. The fluorescence was also measured using an EnVision plate reader, with 560-nm excitation and 590-nm emission filter settings.
RT-PCR assays. Cells were lysed with TRIzol reagent (Invitrogen), mixed with chloroform, and centrifuged. The aqueous phase was collected, and the RNA was precipitated with isopropyl alcohol. The pellet was then washed with 70% ethanol and dissolved in water, and the amount of RNA was determined by spectrophotometry. Approximately 0.5 g of RNA was processed into cDNA by using SuperScript III reverse transcriptase (RT) as directed by the supplier (Invitrogen). Quantitative PCRs (qPCRs) used the primers described in Table S1 of the supplemental material and Taq DNA polymerase as directed by the supplier (Thermo Scientific, Rockford, IL).
Western blotting. Cells were lysed in buffer (150 mM NaCl, 20 mM Tris-HCl [pH 8.0], 1 mM EDTA, 0.5% NP-40) containing a protease inhibitor tablet (Roche, Mannheim, Germany) for 1 h on ice. The proteins were separated by SDS-PAGE, transferred to nitrocellulose (Thermo Fisher Scientific), and analyzed in a Western blot assay using a protocol optimized for an Odyssey infrared imaging system (LI-COR Biosciences, Lincoln, NE). The primary antibodies were goat polyclonal antibodies directed against the R1 subunit of ribonucleotide reductase and vacciniarelated kinase 1 (VRK-1; both from Santa Cruz Biotechnology, Santa Cruz, CA), a rabbit polyclonal antibody for enhanced green fluorescent protein (EGFP; BD BioSciences, San Jose, CA), a rat monoclonal antibody for PRIM2 (Cell Signaling Technology, Danvers, MA), a mouse monoclonal antibody for Myc (Cell Signaling Technology), and a mouse monoclonal antibody for ␤-actin (Sigma). The membranes were probed with IRDye 680CW or IRDye 800CW secondary antibodies (LI-COR Biosciences) and imaged with an Odyssey scanner.
Immunofluorescence. Cells were seeded on coverslips in 24-well plates, washed twice with PBS, fixed with 4% paraformaldehyde for 30 min, quenched with 0.1 M glycine for 10 min, and then incubated in a blocking buffer containing 3% bovine serum albumin (Sigma) in 1% Triton X-100 (MP Biochemicals) in PBS for 1 h at 20°C. Then, the cells were incubated overnight at 4°C in primary antibody, washed three times with PBS, and incubated in secondary antibody for 3 h at 20°C. Finally, the cells were washed three times and incubated in 4=,6-diamidino-2-phenylindole dihydrochloride (DAPI; Invitrogen) and rhodamine phalloidin (Invitrogen) for 30 min at room temperature, and the coverslips were mounted on the slides. An Applied Precision Deltavision microscope was used to obtain images of the specimens.
Flow cytometry. Cells were treated with drugs for 24 to 72 h, or transfected with siRNAs for 48 to 72 h, and then detached with trypsin. The cells were recovered by centrifugation, washed twice with PBS, centrifuged, resuspended in 70% ethanol, and incubated on ice for 1 h. The cells were then treated with 1 g/ml of RNase for 30 min, stained for 1 h in 1 g/ml propidium iodide, and counted using an LSR Fortessa cell analyzer (BD Biosciences, San Jose, CA). FlowJo software was used for cell cycle analysis.
Statistics and bioinformatics. Interplate variability for all the screens was normalized by subtracting the median of each plate from the raw results of each well on a specific plate. Following this normalization step, the mean of the replicates was calculated. Data quality analysis was conducted using frequency distribution and correlation plots. We used a strictly standardized mean difference (SSMD) method to analyze the kinome, whole-genome validation, and Dharmacon custom library screens and the Z-score method to analyze the primary whole-genome and the siRNA toxicity screens (46) (47) (48) . The online tools PANTHER (49), DAVID (50, 51) , and PINdb (52) were used to search for gene associations and relationships. In other studies, Student's t test was used to compare the data, and the results were considered to be significant if P was Յ0.05.
RESULTS AND DISCUSSION
Optimization of siRNA screening methods. Before embarking upon the large-scale siRNA screen, we performed experiments to optimize the choice of cells and the transfection, infection, and assay methods. We also tested these technologies by using a screen of the kinome (ϳ1,000 genes for siRNA pools targeting human phosphatases and kinases) prior to screening the whole human genome.
For the optimization experiments, as well as the final screens, we used an MDA-MB-231 human breast cancer cell line (53) and a recombinant MYXV encoding an Escherichia coli lacZ gene inserted between the M10L and M11L genes and regulated by a late virus promoter (42) . The lacZ gene permits more accurate titration of the virus and, because poxvirus late genes are not expressed in the absence of replication, the ␤-galactosidase produced by vMYX-LacZ provides a measure of the level of virus replication. It also produced a better signal-to-noise ratio than did fluorescent protein reporter constructs (data not shown). We used MDA-MB-231 cells because they showed an intermediate level of permissiveness to MYXV infection compared to other common human cell lines (Fig. 1A) , and thus they were expected to facilitate detection of both stimulatory and inhibitory siRNAs. These cells have also been studied intensively over many years, providing a wealth of literature on specific signaling pathways. We also examined how well the ␤-galactosidase assay correlated with virus yield (i.e., FFU). Although there was not a linear relationship between the two assays, the same relative relationship was seen between the levels of ␤-galactosidase and the number of FFU, when different cell types were infected with vMYX-LacZ at an MOI of 0.1 (Fig. 1B) . This showed that the LacZ assay is a good surrogate that should be predictive of MYXV yields.
We also tested what effects the cell density and multiplicity of infection have on MYXV growth kinetics when assayed using the ␤-galactosidase reporter ( Fig. 1C and D) . Based upon these experiments, we identified an MOI between 0.1 and 1 and a 48-h infection period as the infection conditions that were least likely to result in signal saturation while still generating a good signal-tonoise ratio.
We also optimized the efficiency of siRNA delivery and silencing by transfecting the MDA-MB-231 cells with different amounts of GAPDH siRNAs and measuring the silencing in a GAPDH activity assay. We observed that siRNA concentrations of Ն1 nM reduced the GAPDH activity by ϳ70% (see Fig. S1 in the supplemental material). We also determined that the DharmaFECT 4 transfection reagent produced no cytotoxicity under these conditions, as judged by alamarBlue cell viability assays (data not shown). We subsequently used siRNAs targeting the mRNAs for the large subunit of cellular ribonucleotide reductase (R1) and the phosphofructokinase liver isoform (PFKL) as positive controls in the larger screens. As noted above, MYXV encodes an R2 subunit of ribonucleotide diphosphate reductase, but during infection the virus R2 protein must complex with the cellular R1 subunit to form an enzyme that catalyzes the rate-limiting step in dNTP biogenesis (17, 18) . As predicted, siRNA knockdown of cellular R1 produced a 55-to-60% reduction in virus replication (see Fig. S2 in the supplemental material). PFKL was initially identified as a strong and reproducible hit in the kinome screen, which is described in more detail below (see Fig. 5 ). In all of the screens, an "AllStars" siRNA was used as a negative control, as it produced no detectable effects on virus growth or cell viability.
Based on the experiments, we designed a screening method in which we seeded MDA-MB-231 cells into 96-well plates at a density of 5,000 cells per well, reverse transfected the cells with 5 to 10 nM siRNA for 3 days, and then infected the cells with vMYX-LacZ at an MOI of 0.1 to 1. Two days later, the cells were lysed and assayed for ␤-galactosidase activity.
Kinome test screen. We next tested these methods by performing two duplicate RNAi screens with an siRNA library targeting ϳ1,000 human kinases and phosphatases. Each gene in the screen was targeted with a pool of three different siRNAs, based upon our previous study that had shown that pooled siRNAs produced better penetrance than single siRNAs without causing an unmanageable increase in false positives (43) . Analysis of the degree of correlation between the duplicates within each screen showed that the methods were generally robust, with the coefficient of determination (R 2 ) varying from 0.7 to 0.8 in the second and first screens, respectively ( Fig. 2A and B) . The siRNAs that affected virus replication were identified by using the SSMD method, which minimizes the rates of false discovery and false nondiscovery in siRNA screens (46) (47) (48) . Out of the 986 genes targeted by this library, we identified 70 siRNA pools that inhibited (SSMD, ՅϪ3) and 26 that increased (SSMD, Ն3) virus growth (see Table S2 in the supplemental material). These hits could be assigned to many different pathways, with genes related to apoptosis, inflammation, and cell growth regulation comprising the most prominent targets ( Fig. 3A and B) . Perhaps most notable were the several strongly inhibitory hits within the ERB-B signaling pathway. Although the ErbB-2 receptor is not highly expressed in MDA-MB-231 cells (54) , MYXV growth factor could still potentially signal through this route (55) and would affect the Akt/PKB pathway, which is important for MYXV growth (56) . PIK3CA (phosphoinositide-3-kinase alpha) regulates this pathway, and siRNAs targeting PIK3CA were highly inhibitory. Many inhibitory siRNA pools also targeted enzymes linked to glycolysis (Fig. 3A) , in a logically consistent manner. For example, silencing PFKL reduced MYXV replication, whereas silencing a phosphatase that opposes PFK-1 activity, FPB1 (fructose-1,6-bisphosphatase 1), increased virus replication (see Table S2 ).
We also retested four of the hits by using different siRNA silencing reagents and virus yields, to gain some insights into the reliability of the screen. Three of the four hits (PFKL, pyruvate dehydrogenase kinase isozyme 3 [PDK3], and vaccinia virus-related kinase 2 [VRK2]) could be independently verified, whereas the fourth (vaccinia virus-related kinase 1 [VRK1]) could not. We did not detect hits involving the AMPK gene, as has been reported for Drosophila (29) , but humans encode multiple isoforms of AMPK and its subunits (29) , and this redundancy may have obscured any hits. This small-scale survey indicated that the methods we were using were sufficiently robust to identify practical numbers of true-positive hits.
Whole-genome primary siRNA screen. We next screened 21,585 pooled siRNAs, which target all the known genes in the human genome. The screens were conducted in duplicate, using the same methods described above. The data quality analysis showed that both replicates produced positively skewed frequency distribution curves (see Fig. S3A and B in the supplemental material), suggesting that more siRNAs increased virus replication than decreased it. The duplicates showed a good degree of correlation (R 2 , 0.75) (Fig. 2C ). These data were analyzed by applying Z-score statistics (46, 57) to the normalized results of the screen; this method was used in preference to SSMD because the number of siRNAs was large enough to produce a frequency distribution approximating a Gaussian curve, albeit with a slight positive skew (see Fig. S3A and B) . Like the frequency distribution curves (see Fig. S3A and B) , the Z-score method also detected more siRNAs that increased virus replication than decreased it (Fig. 4) , and this asymmetry complicated how one should select the genes identified in this screen. We thus applied two approaches to initially define these hits. First, we included all the siRNAs that produced Z-scores of Ն1.96 or ՅϪ1.96 and which comprised 5% of the genes in the screen. However, this included relatively few siRNAs that inhibited MYXV growth, and we wanted to retest to determine if this effect was real. Therefore, we also included a further subset of siRNAs that comprised 5% of the most-inhibitory siRNAs based on the Z-score curve. This led to the further inclusion of siRNAs with Z-scores between Ϫ1.96 and Ϫ1.33 (Fig. 4) . In the end, we identified 1,588 siRNAs that fit these criteria, 1,048 with a Z-score of Ն1.96 and 540 with a Z-score of ՅϪ1.33. These siRNAs were picked and replated and used in another round of screening. Validation of the whole-genome primary siRNA screen. We rescreened 1,721 siRNAs in duplicate in a validation screen. These siRNAs comprised 1,588 siRNA hits from the wholegenome primary screen, 69 additional high-scoring hits from the kinome screens (hits not detected by the whole-genome screen), and 64 randomly selected "nonhit" controls (i.e., Zscore of Ϸ0) from the whole-genome screen. We also incorporated onto all of the plates the positive-control siRNAs, which targeted PFKL as well as the R1 subunit of the cellular ribonucleotide reductase.
The validation screen was conducted in duplicate and showed a high degree of correlation between the duplicates with R 2 value of 0.9 (Fig. 2D) . We also determined the degree of correlation between the normalized means of the whole-genome screen and of the validation screens and again noted a high degree of agreement between the screens, (R 2 ϭ 0.8) (Fig. 2E ). As one would expect, these data also reclustered into the three preselected groups representing inhibitory, stimulatory, and neutral siRNA pools (Fig. 2E) . The controls also clustered into predicted groups, with the mock-infected wells producing the lowest reading for ␤-galactosidase activity while the level of activity detected in infected cells treated with the two inhibitory positive controls (R1 and PFKL siRNAs) clustered between the levels detected in mockinfected cells and in the MYXV-infected cells treated with the Allstars control siRNA (see Fig. S4A in the supplemental material). The validation screen thus provided some confidence that these Determined reproducibility based on the Dharmacon custom siRNA library screen. Some insights into the reproducibility and reliability of the methods were obtained by comparing the results of the kinome and whole-genome screens. By definition, the kinome siRNAs comprise a subset of the whole-genome set, but the two libraries were designed separately and employ different chemical modifications. Of the 96 genes detected in the two initial kinome screens, 28% were subsequently detected again in the whole-genome primary screen. We included all 96 hits in the whole-genome validation screen, and again we detected 37.5% as hits.
To further analyze the degree of reproducibility of our screens, we purchased a custom siRNA library from another source. That library contains a pool of four siRNAs targeting each of 88 genes (59 hits and 29 nonhits of the whole-genome screens) in 96-well plates. The hits were selected randomly from statistically significant pathway hits. After the screens were performed in triplicate and normalized, we again used cutoffs of SSMD Ն3 and ՅϪ3 for hit selection. This independent screen detected 25.4% of the hits of the whole-genome screen as high-probability true positives and 75.9% of the nonhits as high-probability true negatives (Table 1;  see also Table S4 in the supplemental material). Thus, taking the two comparisons together, 25 to 30% of the genes identified by our methods could be verified using independent libraries and screens. This is higher than the aforementioned meta-analysis of genes affecting HIV replication, but we had the advantage of using similar transfection, infection, and assay protocols.
Screen for siRNA toxicity. We were concerned that these methods do not exclude cytotoxic siRNAs. To identify which of the 1,721 siRNAs might be toxic, we measured cell viability at the end of the 3-day transfection period, using the same transfection protocol and an alamarBlue cell viability assay (45) . The data clustered into three groups (Fig. 2F) . Most of the siRNAs in the replicate assays clustered into two groupings in the upper right quadrant, which exhibited no signs of toxicity as judged by the strong fluorescence signals. (Why we saw two clusters of signals is unclear, although this was considered unrelated to the siRNAs or to transfection because untreated cells, and also cells transfected with the Allstars control, produced the same two data clusters [see Fig.  S4B in the supplemental material].) In contrast, a small group of siRNAs produced very low viability scores in both replicates. These scores are typically produced by toxic agents, such as etoposide, which was added to wells in each plate as an internal control in the screen (see Fig. S4B and S5 ). These findings showed that the alamarBlue screen readily detects toxic siRNAs.
The data obtained from the siRNA toxicity screen were normalized, and the frequency distributions (see Fig. S3C and D in the supplemental material) permitted analysis based on Z-score statistics. Toxic siRNAs were defined as those with Z-scores of ՅϪ1.96. The screen identified 32 toxic siRNAs, of which many belong to the ubiquitin-proteasome pathway, including the UBC gene that encodes ubiquitin C ( Table 2 ). Many of these protea- somal genes play some role in regulating or supporting the cell cycle, as do other toxic gene targets, like the human WEE1 homolog, PLK1, and RAN. In hindsight, this was not too surprising. Bortezomib (Velcade) is a recognized chemotherapeutic agent that inhibits the 26S proteasome and induces apoptosis in transformed cells (58) . Our screen clearly identified MDA-MB-231 cell sensitivity to siRNAs targeting different components of the 26S proteasome, and our results further validate the method used to discover siRNAs that "inhibit" MYXV replication. Recent papers have suggested that proteasome inhibitors might find some utility as antipoxvirus agents (59, 60) . However, our data do highlight the critical importance of examining the effects of these drugs on cell viability, especially over longer times of exposure and with considerations for cell type. Analysis of hits. We used the SSMD method to analyze the results of the validation screen. Those siRNAs that exhibited SSMD scores of ՅϪ3 or Ն3 were defined as the final hits in the screen, although these conservative criteria likely overlook weaker but still biologically real hits (see below). Overall, we identified 711 siRNAs that promoted MYXV growth in MDA-MB-231 cells and 333 siRNAs that inhibited virus replication. These represent 4.8% of all the siRNAs/genes we screened (see Table S3 in the supplemental material). Those siRNAs that increased or decreased MYXV replication were defined as proviral and antiviral, respectively. Consequently, those genes that increased MYXV replication when silenced were called "antiviral" genes, and vice versa.
These hits were categorized using the PANTHER classification system (49) . The method compares the list of hits (and, by assumption, genes) affecting MYXV growth against a reference list that contains all the genes in the human genome, categorized as to putative or known function. Those pathways that were statistically overrepresented, with a P value of Յ0.05, were considered biologically significant. Among the pathways involving genes that decreased the replication of MYXV when silenced were the previously noted ubiquitin-proteasome system, the Ras and mitogenactivated protein kinase (MAPK) pathways, chemokine and cytokine inflammatory pathways, and the cell cycle (Fig. 3C) . Among the pathways that significantly increased virus growth, when genes in these pathways were silenced, were the oxidative stress response, ascorbate degradation, and endothelin signaling pathways (Fig. 3D) . A few pathways are represented in both categories of hits (the Ras and chemokine/cytokine signaling pathways), although the statistics are more solid for the MYXV growth-inhibiting siRNA category.
We also examined the relationship between the hits using the PIN database (52) of interacting nuclear proteins. We noted that several genes encoding proteins that are part of transcription complexes appeared to have an antiviral activity, that is, knocking down these genes enhanced MYXV growth. For example, we detected hits in proteins that are components of the TFIID transcription initiation factor (TAF4 and TAF9) and a TFIID-related complex (TRRAP, TAF4, and TAF9). Several (3 of 10) proteins comprising the TFIIH initiation/elongation complex (ERCC2, GTF2H1, and CCNH) were also detected in our screen.
Although 1,044 gene hits are still too many to investigate in detail, we elected to explore a subset of these hits and pathways to gain some insights into whether the screen had reliably identified new cell factors that affect MYXV replication. Based upon the data summarized in Table S3 in the supplemental material and also illustrated in Fig. 3 , we chose to study a subset of genes that play important roles in glycolysis, MAPK signaling, DNA replication, and the cell cycle.
Role of aerobic glycolysis in MYXV growth. Glycolysis converts glucose to pyruvate and in the process makes intermediary metabolites that are critical substrates for nucleotide biogenesis and other anabolic pathways (61) . The glycolytic enzymes and substrates also regulate cell proliferation and apoptosis downstream of phosphatidylinositol 3-kinase and Akt (62) (63) (64) (65) . Thus, it is of critical importance to rapidly dividing cells, especially cancer cells, where the shift to glycolysis is called the Warburg effect. Over 60 years ago, Kun and Smith noted that MYXV infection of chicken embryo chorioallantoic membranes caused increased conversion of glucose to lactic acid, and this finding led them to suggest that infection was associated with increased glycolysis (66) . Our screen clearly identified the important role glycolysis plays in supporting MYXV growth in MDA-MB-231 cells.
After uptake, glucose is converted to glucose 6-phosphate by hexokinases (HK) and then converted into pyruvate in eight additional steps. The rate-limiting step in glycolysis is catalyzed by PFK-1 (67), and three PFK-1 isoforms have been identified in liver (PFKL), muscle (PFKM), and platelets (PFKP). PFK-1 is allosterically regulated by fructose-2,6-bisphosphate, which is produced from fructose 6-phosphate via 6-phosphofructose-2-kinase/fructose-2,6-bisphosphatase (PFKFB) (68) (69) (70) . PFKFB is a homodimeric enzyme, and there are four different isoforms, each encoded by different genes (PFKB1 to -4). Many of these enzymes in (or regulating) the glycolytic pathway were major hits in the kinome screens (Fig. 3) , with siRNAs targeting PFKL, PFKM, HKIII, and PFKFB1 all inhibiting MYXV replication and siRNAs targeting glucose-6-phosphate isomerase (GPI) and fructose-1,6-bisphosphatase 1 (FBP1) stimulating virus growth. Most of these hits (except for HKIII and GPI) were also detected in the whole-genome screens, although the effects on LacZ expression were obscured by other higher-scoring siRNAs, and thus the glycolytic pathways did not appear among the final hits from the wholegenome screen (Fig. 3) . The facts that the enzymes that promote glycolysis (e.g., PFKL) also promote MYXV replication and enzymes that negatively regulate glycolysis (e.g., FBP1) reduce MYXV growth led us to hypothesize that MYXV infection is highly favored in cells utilizing glycolytic metabolism. The following experiments were conducted to confirm this.
We elected to focus on PFK-1 (PFKL and PFKM) and PFKFB. We first used RT-PCR to verify the knockdown of PFKL mRNA in MDA-MB-231 cells. Cells were transfected with different concentrations of PFKL siRNAs for 3 days, and then RT-PCR, with PFKLspecific primers, was used to measure the residual levels of PFKL transcripts. As little as 5 nM siRNA was needed to achieve some knockdown of PFKL over a 3-day period, although better silencing was seen with 20 to 50 nM siRNA and without off-target effects on PFKM (Fig. 5A) . However, the highest concentrations of PFKL siRNA (e.g., 50 nM) produced significant toxicity (Fig. 5B) . These concentrations of PFKL siRNA were also retested to see what effects they had on ␤-galactosidase expression and virus yields over a 48-h infection cycle. Both assays detected a 2-to 3-fold reduction in virus gene expression and yields (FFU) when we used 10 to 20 nM siRNA. These were conditions under which one detects little or no toxicity (Fig. 5C and D) . We also examined the growth kinetics of MYXV in PFKL siRNA-transfected cells and determined that silencing of PFKL resulted in a reduction in virus replication at all time points, starting from 24 h postinfection (see Fig. S6A in the supplemental material). Similar results were obtained with 2DG, a chemical inhibitor of glycolysis. In these experiments, 2-to 3-fold reductions in gene expression (Fig. 6B ) and virus yields (Fig. 6C) were again detected in the presence of 50 to 100 nM 2DG, concentrations causing little or no toxicity (Fig. 6A) . To prove that the 2DG was working, we also measured the levels of lactate and ATP. Both compounds were significantly reduced in cells treated with higher (100 nM) concentrations of 2DG, showing that glycolysis was inhibited under these conditions (see Fig.  S7 in the supplemental material).
We also tested whether a reciprocal increase in virus yield could be obtained by increasing the amount of glycolysis in MYXV-infected cells. For this purpose, we used pIRES-EGFP plasmids carrying genes for PFKM or PFKFB3 that have been shown to increase glycolytic activity in transfected COS-7 cells (71). RT-PCR showed one can also obtain higher levels of expression of these genes in MDA-MB-231 cells (Fig. 7A) , although this did not have any effect on MYXV growth under standard cell culture conditions (Fig. 7B and C) . However, we noted that the culture medium used in all of these studies contained high levels of glucose (17.5 mM), and we were concerned that this might have saturated the glucose flux through the glycolytic pathways. Therefore, we repeated the experiments in media containing 10 or 2.5 mM glucose. Although these concentration somewhat reduced the cell viability, relative to cells grown in DMEM/F-12 (Fig. 7B) , we saw increased virus growth in PFKM-transfected cells whether measured using ␤-galactosidase (ϳ1.5-fold [ Fig. 7C ]) or using plaque assays (ϳ2.5-fold [ Fig. 7D]) . We also detected an ϳ2-fold in the continued presence of 2DG. An alamarBlue assay was then used to measure cell viability (A), and virus growth was measured using ␤-galactosidase (B) and plaque (C) assays. The plaque assays used an MOI of 1. A significant reduction (ˆ, P Յ 0.05; **, P Յ 0.001) in virus growth was seen in cells treated with Ն50 mM 2DG in the ␤-galactosidase assay or with doses as low as 1 mM in the plaque assay. No significant toxicity was detected at 2DG concentrations of Ͻ100 mM. These data are representative of three independent experiments. increase in virus yield in cells transfected with PFKB3 (Fig. 7D) , although this was not correlated with an increase of ␤-galactosidase expression (Fig. 7C) . Collectively, these data support the observations from the original siRNA screens and show that MYXV growth is positively correlated with glycolytic activity in a transformed human cell.
MAPK pathways. The MAPK signaling pathways mediate a number of cellular responses induced by extracellular signals and/or cellular stress. There are three major MAPK signaling pathways. The extracellular signal-regulated kinases ERK1/2 mediate mitogen-activated proliferative and survival responses, while the Jun N-terminal kinase (JNK) and p38 MAPK signaling pathways regulate cellular responses to stress (72, 73) . The importance of these pathways for poxviruses was first suggested by the discovery of growth factor homologs encoded by poxviruses like vaccinia virus (VACV) (74, 75) and Shope fibroma virus and MYXV (76, 77) and the subsequent demonstration that these signal through the Raf/MEK/ERK pathway (78, 79) . However, the role Erk1/2 plays in determining MYXV tropism is complex, because although Erk1/2 activation might be advantageous from the perspective of promoting cell proliferation, this activation can also promote Rig-I-dependent expression of a TNF-and type I interferon-dependent antiviral response (6, 80) . This is further complicated by the fact that MDA-MB-231 cells encode an activated KRAS gene and express high levels of basal phosphorylated Erk1/2 (81), and such oncogenic RAS mutations can suppress this RNAinduced and Rig-I-mediated IFN-␤ response (82) .
We noted that knocking down many genes upstream of MEK/ ERK enhanced MYXV growth (Table 3) , consistent with the hypothesis that such interventions suppress activation of an Erk1/ 2-linked Rig-I-dependent antiviral response. This included genes for brain-derived neurotrophic factor (BDNF), which is expressed by and exerts mitogenic effects on MDA-MB-231 cells (83) . We also detected a proviral siRNA targeting the neurotrophic tyrosine kinase receptor NTRK3 (see Table S3 in the supplemental material). However, we noted that knocking down genes in the distal portions of this pathway generally inhibited virus replication. Genes in this region included that for ERK1 (MAPK3) itself, as well as a number of ribosomal protein S6 kinases of uncertain specificity that are phosphorylated and activated by Erk1/2 (RPS6KA6, -A3, and -L1). A proviral role for Erk1/2 itself was also suggested by the fact that knocking down the dual-specificity phosphatases DUSP5 and DUSP6 favored viral growth. DUSP5 and -6 bear some distant similarity to MYXV m069L and VACV H1L, and these human phosphatases inhibit Erk1/2 (84, 85) . One of the ribosomal protein S6 kinases, RPS6KA1 (also called RSK1), increased virus replication when targeted with an siRNA. Given the many postulated, overlapping, and observed targets of the ribosomal protein S6 kinases, it is difficult to rationalize the mix of Other cells were also infected with MYXV at an MOI of 0.1 for 2 days, and virus replication was measured in ␤-galactosidase (C) and plaque (D) assays. Although dropping the glucose concentration reduced cell viability and thus virus yields, the effect on virus yields was partly reversed by enhancing the expression of PFKM (and to a lesser extent, PFKFB3 expression). The data are representative of two independent experiments. Significance is indicated relative to the pEmpty vector controls, as follows:ˆ, P Յ 0.05; *, P Յ 0.01; **, P Յ 0.001. stimulatory and inhibitory effects that result from reducing the expression of this family of ribosomal protein S6 kinases.
What roles the JNK and p38 signaling pathways might play under these culture conditions are less clear, although relatively more hits, both stimulatory and inhibitory, were detected in the JNK than in the p38 pathway (Table 3; see also Table S3 in the supplemental material). For example, one of the strongest stimulatory hits was in RIPK4 (see Table S3 in the supplemental material), a receptor-interacting stress-activated kinase that promotes JNK and NF-B activation (86) . There was confusion when we saw that although silencing of the kinases in one of the JNK-activating arms (MAP4K1/HPK1 Ͼ Ͼ MAP2K7) also increased MYXV replication, knocking down the kinases in the other arm of the JNK pathway (MAP3K8 Ͼ MKK4 Ͼ MAPK10/JNK3) paradoxically decreased MYVX replication. It has been noted that a basal level of Jnk1/2 activity is required to avoid G 2 /M arrest in MDA-MB-231 cells (87, 88) , which could provide a rationale for the inhibitory effects linked to knocking down MAP3K8 and MKK4; however, judging from different microarray studies, MDA-MB-231 cells probably express too little of the Jnk3 neuronal isoform to attribute any significance to a hit in the JNK3 gene.
In the course of the initial kinome screen, we also detected hits in the VRK1 and VRK2 vaccinia virus-related kinases, human homologs of the VACV B1R (89) and MYXV m142R genes. VRK1 and VRK2 phosphorylate cellular BAF protein in vitro (90) , the antiviral protein also targeted by the B1 kinase. The VRK1 hit subsequently proved to be a false lead, but the stimulation of MYXV growth by siRNAs directed against VRK2 was very reproducible. Its effect seemed to be reduced or eliminated at 72 h and 96 h after infection, suggesting a delay in virus growth kinetics rather than a persistent inhibition of virus replication ( Fig. 8 ; see also Fig. S6B and C in the supplemental material) . Previous studies had shown that VRK2 can modulate the activity of the Erb signaling pathway in breast cancer cells by inhibiting Erk phosphorylation (91), as well as the stress response to IL-1␤/hypoxia through inhibition of Jnk phosphorylation (92) . This effect is probably due to VRK2 interfering with the activity of the scaffolding proteins Jip1 (92) and Ksr1 (91), which promote phosphorylation of Jnk (by Map2k7) and Erk (by Mek1/2), respectively. Further study showed that these siRNAs do knock down VRK2 mRNA (Fig. 8B ) and also showed that siRNAs targeting VRK2 had only a minor effect on cell viability (Fig. 8C) , while clearly enhancing MYXV replication in these cells ( Fig. 8D and E) . This is consistent with the observation that knocking down Map2k7 also enhances MYXV growth and that some level of pErk is needed to promote MYXV growth (Table 3) . Given the complexity of these interactions, it is difficult to guess exactly what role VRK2 plays in modifying MYXV growth. However, it is striking that poxviruses encode homologs of proteins directly affecting Jnk and/or Erk phosphorylation and that these gene homologs (DUSP5/6 and VRK2) turned up in the screen.
Other signal transduction pathways. Few hits were detected with high statistical likelihood in other cell growth-regulating pathways. Constitutive upregulation of the Akt pathway has been highlighted as playing an important role in MYXV tropism (93), and we did detect a strong proviral siRNA affecting the PTEN locus (see Table S3 in the supplemental material). The PTEN gene product antagonizes the Akt/PKB pathway by dephosphorylating phosphatidylinositol-3,4,5-trisphosphate. It is expressed in MDA-MB-231 cells, and these cells normally exhibit low levels of activated phospho-Akt (94), creating a situation where PTEN knockdown could create an environment more favorable for MYXV growth. We also noted several hits centered on ␤-catenin (CTNNB1) and the Wnt signaling cascade, which is active with many component genes upregulated in triple-negative breast cancer cell lines like MDA-MB-231 (95) . Proviral siRNAs targeted ␤-catenin itself, the transcription factor TCF/LEF (TCF7L2), which is activated when ␤-catenin relocates to the nucleus, one of the protein phosphatase regulatory subunits that regulate ␤-catenin stability (PPP2R4), Axin (AXIN2), a scaffolding protein involved in ␤-catenin proteolysis, a ␥-subunit of protein kinase A (PRKACG) (96) , and the Frizzled receptor, although we detected FZD6, and it is FZD7 that is reportedly expressed at the highest levels among the eight FZD genes in MDA-MB-231 cells (95) . While the correlation was not perfect (another proviral siRNA was detected affecting DKK4, which may or may not be an inhibitor of Wnt signaling [97] ), the impression is that destabilizing or de- creasing the levels of ␤-catenin favors virus growth. It is unclear whether this relates to Wnt signaling or to the role ␤-catenin plays in stabilizing intercellular adherens junctions and the actin cytoskeleton (98) . However, it is notable that knocking down LIMK2, which would be expected to destabilize the actin cytoskeleton (99) , and DIAPH1, which would disrupt adherens junctions (100), also promotes MYXV growth. We recently showed that MYXV has difficulties in disrupting the cortical actin layer during exit, and this can be partially ameliorated by incorporating the VACV F11L gene (101) . This provides some rationale in support for the later structural hypothesis, although the two biological effects are not mutually exclusive. The cell cycle. The cell cycle is known to play an important role in modulating MYXV replication, as illustrated by studies showing that the MYXV M-T5 protein promotes p27 degradation and exit from the G 0 /G 1 checkpoint (102) . It is thus perhaps not surprising that a striking pattern of siRNA hits was observed among genes linked to, or regulating, the cell cycle (Table 4 ). Interventions that might promote the transition into G 1 , or inhibit passage from G 1 into S phase, in uninfected cells consistently stimulated MYXV growth, whereas knockdown of genes that regulate passage throughout the rest of the cell cycle consis- tently decreased virus growth (Table 4) . For example E2F5 appears to suppress expression of genes required for entry into G 1 (103) , and its knockdown stimulates MYXV growth. Similarly, CDK6 regulates progression out of G 1 in MDA-MB-231 cells through hyperphosphorylation of retinoblastoma protein and release of activator E2Fs (104) , and also by catalyzing the assembly of the prereplicative complex during G 1 (105) . Our screen detected proviral siRNAs targeting both CDK6 and its regulatory binding partner cyclin D2 (CCND2) (106) . The process of "DNA licensing" in G 1 also requires that the Mcm proteins be incorporated into a hexameric MCM2-7 helicase (105), and siRNAs targeting one of these genes (MCM2) also stimulated MYXV growth. Finally, another proviral siRNA was also detected targeting cyclin H (CCNH), a protein linked to many cellular activities, including the aforementioned role as part of TFIIH (107) . In contrast, MYXV growth was inhibited by siRNAs targeting genes affecting or regulating subsequent events in the cell cycle. For example, the NPAT gene is required for S-phase histone expression and cell cycle progression (108) , and siRNAs targeting NPAT were highly inhibitory. Two of the siRNA pools were toxic for MDA-MB-231 cells (WEE1 and PLK1). Wee1 and Plk1 comprise a regulatory triad with Cdc2 (also called Cdk1), and inhibiting the expression of either Wee1 or Plk1 within this negative feedback loop might be expected to improperly promote the G 2 /M transition by releasing Cdc2/Cdk1 from Wee1 inhibition (109) . We also noted that knocking down genes involved in regulating the DNA damage checkpoints had deleterious effects on virus growth (although an important caveat is that MDA-MB-231 cells encode a mutated p53 gene, which complicates the interpretation of signaling patterns [110, 111] ). For example, DNA protein kinase (PRKDC) normally phosphorylates RPA2 in the presence of DNA damage and delays S-phase progression and mitotic entry (112) , and interfering with this system by knocking down PRKDC inhibited MYXV growth. Additional antiviral siRNAs targeting CHEK1 (also called CHK1) and a downstream effector, CDC25B, were discovered. When activated by DNA damage signals, Chk1 phosphorylates (and inhibits) Cdc25B (113) , stabilizing the phosphorylated form of Cdc2/Cdk1 and favoring G 2 arrest. (Use of siRNAs to inhibit Wee1 and CHEK1 during S phase also causes unscheduled DNA replication and chromosome breaks and could deplete cells of dNTPs [114] .) Adding further to the complexity, Cdc25B, Cdc2/Cdk1, and Plk1 form another regulatory triad (115, 116) that when perturbed can promote aberrant mitosis (113) . These data suggest that defective regulation of events outside of G 1 creates a situation deleterious to MYXV growth. This hypothesis can perhaps be extended by noting that knockdown of two genes required by the spindle assembly checkpoint TTK (also called Mps1) (117) and BUB1B (118) also inhibits MYXV growth, although siRNAs directed against TPR (a component of the nuclear pore that is specifically required to assemble the mitotic spindle checkpoint complex [119] ) seemed to stimulate virus growth. Some of these effects may be related to the fact that cap-dependent translation is inhibited in mitotic cells (120) , or to regulation of the APC complex (118, 121) . However, further studies are needed to clarify this situation.
These observations led us to test the hypothesis that MYVX replication is favored in cells when they are initially encountered at the G 1 (or the G 1 /S boundary) portion of the cell cycle. First we tested whether treating cells with the Cdk4/6 inhibitor PD-0332991 (122) would produce the same proviral effects seen with siRNAs targeting CDK6. Such treatments should stabilize cells in G 1 , and this was tested by flow cytometric measurement of the DNA content in three different kinds of PD-0332991-treated cells: MDA-MB-231, PANC1, and MCF7 (Fig. 9A ). These cells were also then tested to measure the effects of PD-0332991 on MYXV growth, and the effects of the siRNA targeting CDK6 were duplicated in MDA-MB-231 and PANC1 cells. Applying 1 M PD-0332991 to MDA-MB-231 cells (twice the 50% inhibitory concentration [122] ) increased the proportion of cells in G 1 from 58% to 95% and enhanced MYXV growth by about 30% (Fig. 9C and D) . A similar effect was seen in PANC1 cells (Fig. 9C and D) . The drug did not enhance MYXV growth in MCF7 cells, although PD-0332991 also had a lesser effect upon the proportion of G 1 cells (Fig. 9A, C , and E). MCF7 cells are also far more supportive of MYXV growth than are MDA-MB-231 or PANC1 cells, suggesting that the cell cycle may not be a factor that limits virus growth in these cells. If we assume that PD-0332991 is a specific inhibitor of Cdk4/6, these studies support the hypothesis that the G 1 phase of the cell cycle is more advantageous for virus growth.
DNA primase. We also wanted to test how well MYXV grows when cells are stabilized in S phase, but this issue is complicated by the fact that most S-phase inhibitors poison DNA replication and thus also directly inhibit virus replication. However, we had noted that siRNA silencing of PRIM2 expression also inhibited MYXV growth (see Table S3 in the supplemental material), and this provided another way of exploring how progression through the cell cycle affects MYXV growth. The mammalian DNA primase is a heterodimer composed of a catalytic subunit (PRIM1) and an accessory subunit (PRIM2) (123) (124) (125) . In Schizosaccharomyces pombe, disruption of primase function activates the Chk1 checkpoint response (126) , and we suspected that this effect might also be observed in human cells. Independent experiments confirmed that siRNA silencing of PRIM2 (Fig. 10A) caused a 25 to 40% decrease in MYXV growth as demonstrated in both ␤-galactosidase (Fig. 10B) and plaque (Fig. 10C) assays, although the degree of reduction in virus replication was reduced as time of infection advanced beyond 48 h (see Fig. S6D in the supplemental material). We also observed that inhibition of PRIM2 function had no negative effects on cell survival at doses up to 200 nM (data not shown) while it increased the proportion of cells in S phase (Fig.  10D) . This is consistent with knockdown of PRIM2 causing a delay in S-phase progression and supports the hypothesis that MYXV grows best when cells are in the G 1 or the G 1 /S part of the cell cycle.
These conclusions are complicated by one further observation. We had assumed that since poxviruses encode their own DNA primase (the VACV D5 protein exhibits a helicase-primase activity [127] ), there would be no reason to expect that cellular PRIM2 would play any direct role in virus DNA replication. However, as a check on this assumption, we transfected cells with a plasmid carrying a myc-tagged version of PRIM2 (none of the available antibodies were suitable for use in imaging applications) and then monitored the distribution of the protein in mock-and MYXVinfected cells. In the absence of virus, PRIM2 was mostly distributed throughout the cytoplasm, with some small amount of nuclear staining, but curiously, it appeared to be recruited to factories in MYXV-infected cells (Fig. 10F) . This may not have any significance, as many DNA-binding proteins are recruited to virus factories (summarized in reference 15), but we cannot exclude the possibility that PRIM2 also serves a more direct role in supporting MYXV growth.
Enhancement of oncolysis. Finally, we also examined whether these studies might produce methods for improving virus killing of tumor cells. We hypothesized that combining a drug causing G 1 -phase growth arrest, PD-0332991, with MYXV infection would cause enhanced oncolysis. By itself, treating MDA-MB-231 cells with up to 1 mM PD-0332991 for 4 days caused only a small (but not significant) reduction in cell viability, while infecting these cells with MYXV (at an MOI of 1) for 3 or 4 days killed 15 to 20% of the cells relative to uninfected and nontreated controls (Fig. 11) . The amount of cell killing was further enhanced ϳ20% either by simultaneous exposure of the cells to PD-0332991 and MYXV for 4 days or by pretreating the cells with PD-0332991 for a day followed by 3 days of MYXV exposure (Fig. 11A) . A similar effect was seen with PANC1 cells, albeit statistical significance was obtained only if the cells were exposed to virus for 4 days (Fig. 11B) . In contrast, these effects were not seen with PD-0332991-treated MCF7 cells, which as we previously noted do not show the same drug-induced changes in the cell cycle that are seen in MDA-MB-231 or PANC1 cells (Fig. 9) . Overall, these results suggest that MYXV oncolytic activity could be modestly enhanced by cotreatment with a class of chemotherapeutic drugs that promote accumulation of cells in G 1 phase, although this effect would likely be seen only in select cancer cells.
Conclusions. Our study has provided a broad survey of the role individual genes play in regulating the growth of myxoma virus in human cells. The screens encompassed ϳ22,000 genes and returned ϳ1,000 possible hits, with ϳ25% probability of true positivity for any one gene hit, absent independent confirmation. Of the hits, twice as many genes appeared to serve an antiviral rather than a proviral role. That is, virus growth was stimulated by siRNAs targeting 711 genes and was inhibited by 333 siRNA pools. This is not the outcome that one would expect if many siRNAs simply decreased cell fitness and thus rendered cells less supportive of virus growth, and it suggests that organisms might encode a great many minor systems that collectively create innate antiviral defenses. Although concerns have been raised about the reliability of siRNA screening methods and the effects on virus replication are sometimes quite modest, our approach is reproducible ( Fig. 2 ; see also Fig. S4 in the supplemental material) and did identify several cellular pathways that have been shown to affect poxvirus growth (e.g., and MCF7 cells were treated with the indicated doses of PD-0332991 for 24 h, trypsinized, and stained with propidium iodide, and flow cytometry was used to determine the distribution of cells across the cell cycle. Low (50 nM) doses of the drug significantly increased the proportion of G 1 -phase MDA-MB-231 and PANC1 cells and (to a lesser extent) also increased the proportion of G 1 -phase MCF7 cells (A), without significant toxicity (B). (C to E) The drug-treated cells were also infected with MYXV for 48 h and assayed for virus-encoded ␤-galactosidase and FFU. PD-0332991 significantly enhanced MYXV growth in PANC1 and MDA-MB-231 cells relative to the solvent controls but had no effect on MCF7 cells. These data are representative of three independent experiments, and significance is indicated as described for Fig. 7 .
the MAPK and ubiquitin-regulated proteolytic pathways) as well as toxic siRNAs that would, of course, be expected to "inhibit" virus replication. Many new hits were mapped to the glycolytic pathway, an important downstream target of the PTEN/Akt axis, and these provide further insights into why Akt mutations affect MYXV tropism (56) . The more limited complement of nucleotide biosynthetic genes of leporipoxviruses (16) , relative to VACV, may also account for why MYXV favors initiation of growth in cells occupying the G 1 or G 1 /S boundary of the cell cycle, and a similar deficiency in genes mediating To gain further understanding of the behavior of Prim2 under these circumstances, a myc-and DDK-tagged form of the gene was also transfected into MDA-MB-231 cells, where it was overexpressed, as judged by Western blotting (E) and appeared to relocate to MYXV factories (F). These data are representative of three independent experiments, and significance is indicated as described above for Fig. 7 .
MYXV exit (101) may also partly explain several hits in the Wnt/Rho signaling cascade. Although much more effort will be needed to fully document these and other hits detected in the screen, our approach has provided a first-pass filter for genes affecting poxvirus growth that are encoded in the human genome.
